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HDACs have been recognized as a promising target for cancer therapy. In addition to histones, other cellular proteins are also modifi ed by acetylation (Kouzarides, 2000; Vigushin and Coombes, 2004; Yoshida et al., 2003) . Therefore, acetylation is possibly involved in a diverse range of cellular processes.
Magnaporthe oryzae is the causal agent of rice blast disease. The fungus disperses via conidia (asexual spores). After germination on the surface of a rice plant, a unicellular infection structure called an appressorium differentiates at the tip of the germ tube (Hamer and Talbot, 1998; Howard and Valent, 1996) . The appressorium is a dome-shaped cell specialized for penetration into host cells. After the appressorium has been formed, its internal turgor pressure increases massively and this facilitates the infection peg piercing through the rice cuticle. Appressorium formation is known to be a key process in M. oryzae infection. Therefore, knowledge of the genes involved in this process is important for the development of effective disease control strategies.
In recent years, numerous studies have focused on the molecular mechanisms of appressorium formation and many genes involved in this process have been reported (Wilson and Talbot, 2009) , for example by SAGE analyses (Kronstad, 2006; Matsumura and Terauchi, 2007) and T-DNA insertional mutagenesis (Jeon et al., 2007) . This study tested the effects of TSA and other HDAC inhibitors at the early infection stage in M. oryzae. M. oryzae have two putative class I HDAC genes (Saccharomyces cerevisiae RPD3 and HOS2 homologue) and two class II HDAC genes (S. cerevisiae HDA1 and HOS3 homologue), whose products are candidate targets of TSA. In addition, M. oryzae have six class III HDAC sirtuin , whose products should not be inhibited by TSA. Here, it is reported that HDAC inhibitor treatment caused the inhibition of appressorium formation and histone hyperacetylation. Furthermore, an attempt was made to construct HDAC mutants in order to identify the HDACs contributing to appressorium differentiation of M. oryzae.
Materials and Methods
Fungal strains and growth conditions. M. oryzae strain P2, a Japanese rice pathogenic isolate maintained in our laboratory, was used in this study. Mycelia of M. oryzae were grown on oatmeal agar medium (Difco Laboratories Inc., Detroit, MI, USA) at 28 C for 2 weeks. Conidiation was induced by placing the plates under BLB lamps after removing aerial hyphae. The conidia were brushed off into distilled water after 2 or 3 days of incubation.
Appressorium formation assay. The appressorium formation assay was based on the method described previously (Kamakura et al., 2002) . Conidia of M. oryzae were suspended in distilled water containing drugs. Then, the mixture was immediately placed on polycarbonate plates. The plates were incubated for 6 h in a moistened box at room temperature. The number of germinating, appressoria-forming germlings and total conidia was counted. Furthermore, germ tube length was also measured. Then, germinating and appressoria-forming ratio was calculated. Calculated results are shown as a relative index or a percentage ratio.
Leaf sheath inoculation. Japonica rice cultivar Aichi-asahi was used in this study. Leaf sheath inoculations were carried out on 3-week-old rice seedlings. Conidia were suspended in distilled water to a fi nal density of 1 10 5 conidia/ml. Leaf sheath inoculation was performed based on the standard method (Koga et al., 2004; Sakamoto, 1949) . Briefl y, leaf sheaths were detached from the plant and cut into about 7 cm segments. The inoculum was injected into the space delineated by the inner epidermis. The leaf sheaths were held horizontally in a petri dish over a wet sheet of fi lter paper until sampling.
Spray inoculation. Spray inoculations were carried out on 2-week-old seedlings of cultivar Aichi-asahi. Conidia were suspended in distilled water including 1 μg/ml TSA, 0.1% EtOH, and 0.02% Tween 20 to a final density of 1 10 6 conidia/ml. Then, 4 ml of the suspension was sprayed per pot. After 24 h s incubation in a humid box, the plants were placed in a growth chamber for 7 days.
Western blotting. For extraction of protein from germ tubes, 2 10 7 conidia were suspended in distilled water and the conidial suspensions (1 10 5 /ml) were dropped on polycarbonate plates and incubated for 5 h in humid box. After freeze-drying, the germinating conidia were transferred to a FastGeneTM ZircoPrep Mini (Nippon Genetics Co., Ltd., Tokyo, Japan) and suspended in 100 μl disruption buffer (0.5 M TrisHCl, 2% NP-40, 20 mM MgCl 2 , 2% β-mercaptoethanol; pH 8.3) including a protease inhibitor cocktail for use with fungal and yeast extracts (Sigma-Aldrich Inc., St. Louis, MO, USA). Cells were disrupted by vortexing three times for 2 min followed by intervals of 2 min of cooling on ice, and then centrifuged at 15,000 g for 15 min. Four volumes of ice-cold acetone was added to the supernatant and centrifuged at 15,000 g for 15 min. The pellets were resuspended in TE buffer and used for SDS-PAGE and subsequently for western blotting. After SDS-PAGE, the proteins were stained with Coomassie brilliant blue (CBB) or transferred to a PVDF membrane and detected using an antibody specifi c to acetylated lysine (code; #9441; Cell Signaling Technology, Inc., Danvers, MA, USA) and alkaline phosphatase conjugated secondary anti-mouse IgG antibody (Toyobo Co., Ltd., Osaka, Japan), and immunodetection was performed using CDP-star in accordance with the manufacturer s instructions.
DNA isolation and analysis. Total DNA of M. oryzae strains was extracted (Kamakura et al., 2002) and Southern analyses were performed (Tokai et al., 2005) as described previously. Detection was performed using CDP-star or NBT/BCIP.
Cloning and plasmid construction. HDAC gene disruption vectors were constructed by replacing the coding region of genes with the hph expression cassette using the inverse-PCR (IPCR) method as described previously (Banno et al., 2003; Tokai et al., 2005) or the three fragments (5 fl anking region, 3 fl anking region and the hph expression cassette) ligation-mediated method. For the IPCR method, regions containing the HDAC genes were amplifi ed by PCR using Ex Taq (Takara Bio Inc., Kusatsu, Japan) with KO1 and KO4 primers (primers are listed in Table 1 ). The amplifi cation products were self-ligated after digestion with the restriction sites designed into the KO1 and KO4 primers. After self-ligation of the amplifi ed products, the fl anking regions of the HDAC genes were amplifi ed by PCR with a second set of primers (KO2 and KO3 primers). The IPCR products were cloned between the NotI site and either SpeI site of pCSN43 (Staben et al., 1989) . For the three fragments ligation-mediated method, the 5 and 3 fl anking regions of the HDAC genes were amplifi ed by PCR using Ex Taq with primer sets KO1 and KO2, and KO3 and KO4, respectively. The PCR products were double-digested with the restriction sites designed into the primers and cloned into the NotI site and SpeI site of pCSN43. The resulting gene disruption vectors were used for fungal transformation after linearization at the restriction site designed into the KO1 and KO4 primers.
Fungal transformation. Transformation of M. oryzae protoplasts was performed with some modifi cation from the method described previously (Kimura et al., Table 1 . Primers used in this study. Transformants were selected on YG20S medium (0.5% yeast extract, 2% glucose, 20% sucrose, 1.5% agar) containing 200 μg/ml hygromycin B (Wako Pure Chemical Industries, Ltd., Osaka, Japan). Transformation plates were incubated for 4 5 days at room temperature, and primary candidate transformants were transferred to fresh YGA plates (0.5% yeast extract, 2% glucose, 1.5% agar). Transformants were transferred to oatmeal agar plates and purifi ed by monoconidiation.
Primer name Sequence
MoHDA1KO1-BglII CAAGATCTTCACCAGGACATCAAAGTCTCT MoHDA1KO2-NotI TAGCGGCCGCACGGCGTCTTCCTCCATTATGA MoHDA1KO3-SpeI CAACTAGTCAGGATGCCCAGGCTTGGATCA MoHDA1KO4-BglII CAAGATCTGAGACTAAACCAATGTGGCTCA MoHOS2KO1-BglII GTAGATCTCGCTTACAGGCCACCATATTGC MoHOS2KO2-SpeI GTACTAGTCGCGGCGGTCGATATCTGTATG MoHOS2KO3-NotI TAGCGGCCGCAGGGTGTTGGTCAAGCCATGGA MoHOS2KO4-BglII GTAGATCTGGGCGCTTAAGTGAGATTGTG MoHOS3KO1-NheI ACGCTAGCTGACTTATGGTGCCACCGATGA MoHOS3KO2-SpeI GTACTAGTTCGAGGGCGAACGGTAGGCCAT MoHOS3KO3-NotI ATGCGGCCGCTCCGGAGACGCCACAGAAGTAG MoHOS3KO4-NheI ACGCTAGCCTTCCGGCTGACCTGACGAATA MoRPD3KO1-BglII TAAGATCTGCAAGGTTGACGGCTATTGTCC MoRPD3KO2-SacI TCGAGCTCCCGCCTTGTCCGTCATGTTTGC MoRPD3KO3-NotI ATGCGGCCGCCCTCGGTCCAGATGCAGGAGAT MoRPD3KO4-
Results

Effects of HDAC inhibitor on appressorium formation
As a special feature of M. oryzae, this fungus differentiates appressorium not only on host surfaces but also on hydrophobic artifi cial surfaces. In order to analyze the effects of HDAC inhibitor on appressorium formation of M. oryzae, conidia were inoculated onto polycarbonate plates in the presence or absence of HDAC inhibitor. The germination and appressorium formation rate were respectively 89% and 86%, and appressorium-defi cient-germ tube length was approximately 150 to 200 μm in the absence of TSA. In the presence of 0.5 μg/ml TSA, the rate of appressorium formation decreased signifi cantly (p 0.05) (Fig. 1A,  Fig. 2a, b) . Germination and the length of germ tube are also affected at concentrations of 1 and 0.5 μg/ml of TSA respectively. Ethanol, the solvent for the TSA stock solution, did not affect germination, appressorium formation, or germ tube length (data not shown). The effects of other HDAC inhibitors (NaBu and TSC) were also evaluated (Fig. 1B, C) . Both drugs also showed signifi cant inhibition of appressorium formation.
HDAC is known to deacetylate lysine residues of core histone. To determine whether the inhibition of appressorium formation was caused by the accumulation of acetylated histone proteins, western blotting analysis was performed with anti-acetylated lysine antibody (Fig. 1D) . When conidia were inoculated with 1 μg/ml TSA on a polycarbonate plate, three major acetylated proteins (14.0 kDa, 15.4 kDa and 11.4 kDa, which are in good agreement with the molecular weight of core histone proteins) were detected.
Effects of TSA on virulence
The effect of TSA was also evaluated by leaf sheath inoculation (Fig. 2c, d ). In the presence of 1 μg/ml of TSA, appressorium formation was signifi cantly decreased, but the inhibitory effects of TSA (germination and appressorium formation indexes were 0.65 and 0.38, respectively) were decreased compared with the effects on an artifi cial surface (0.58 and 0.03, respectively).
To determine the effects of TSA on pathogenicity, spray infection assays were carried out using Aichiasahi seedlings and conidial suspension pretreated with 1 μg/ml TSA (Fig. 2e, f) . In the absence of TSA, lesions were widely spread on rice leaves. In contrast, in experiments with TSA-pretreated conidial suspension, very much reduced symptoms were observed. The number of lesions caused by conidia sprayed with 1 μg/ml of TSA was reduced (43% of control experiment) and the symptom development was also reduced as compared to control experiments. The host plants were apparently unaffected when the seedlings were sprayed with the TSA solution (data not shown).
Disruption of classical HDAC genes in M. oryzae
TSA is known as a classical (class I and II) HDAC inhibitor. For the identifi cation of HDAC(s) contributing to appressorium differentiation, an attempt was made to construct HDAC mutants. Four classical-type histone deacetylases were identifi ed from the genome database (http://www.broad.mit.edu/annotation/ genome/magnaporthe_grisea/MultiHome.html). These were named MoHDA1 (MGG_01076.6), MoHOS2 (MGG_01633.6), MoHOS3 (MGG_06043.6), and MoR-PD3 (MGG_05857.6), which are homologues of S. cerevisiae HDAC genes HDA1, HOS2, HOS3 , and RPD3, respectively (Fig. 3) . HDAC disruption constructs, pKOHDA1, pKOHOS2, pKOHOS3, and pKORPD3, were constructed (see MATERIALS AND METHODS). Hygromycin B resistant transformants were analyzed by PCR with TtrpCs and KO5 primers, as shown in Fig. 4 (data not shown). In order to screen putative targeted knockout mutants, Southern analyses were performed with each probe (Fig. 4) . In the case of MoHDA1, 4 of 40 independent transformants (H1D15, H1D25, H1D32, and H1D33) exhibited the expected length (2.3 kb) of PstI-cleaved fragment. In MoHOS2 and Mo-HOS3, 5 of 14 and 8 of 32 independent transformants were obtained (ΔMohos2 strains, H2D1, H2D8, H2D11, H2D13, and H2D14; ΔMohos3 strains, H3D1, H3D2, H3D7, H3D8, H3D16, H3D17, H3D22, and H3D30) respectively. However, attempts to disrupt MoRPD3 were unsuccessful, as was the case with A. nidulans RpdA. Southern analyses and PCR analyses were performed on about 300 hygromycin B resistant strains, but MoR-PD3 deletion mutants could not be obtained. In all experiments, we analyzed two independent mutants and an ectopic mutant on each of the HDACs. H1D15 and H1D25, H2D1 and H2D8, and H3D1 and H3D17 were indistinguishable from each other. Ectopic strains showed indistinguishable phenotypes from the wild type strain. H1D15, H2D1 and H3D17 strain were further analyzed as ΔMohda1, ΔMohos2 and ΔMohos3, respectively.
Phenotypes of HDAC mutants
ΔMohda1 and ΔMohos2 strains exhibited slow growth on oatmeal agar (Fig. 5) and YGA plates and also in YG liquid medium (data not shown). ΔMohos3 strains exhibited no detectable difference in vegetative growth. ΔMohda1 and ΔMohos2 strains also showed a defect in conidiation rate ( Table 2) . Deletion of MoH-DA1 or MoHOS3 did not affect appressorium differentiation but deletion of MoHOS2 caused a signifi cant reduction of appressorium formation.
Discussion
Appressorium formation is the key event in M. oryzae infection of its host. Research focused on the molecular mechanism of appressorium formation may contribute to the prevention of rice blast disease. Many previous studies have elucidated parts of the molecular mechanism of appressorium formation, and some components involved in appressorium formation have been identifi ed. Although these results are quite signifi cant, it is likely that many more genes are involved in appressorium formation. In this study, conidia were treated with histone deacetylase inhibitors, and significant inhibition of appressorium formation was ob- served (Fig. 1) . The effects of TSA on appressorium formation of Colletotrichum lagenarium were examined, and it was found that the inhibitory effects were also observed in C. lagenarium (data not shown). It is widely recognized that the induction mechanisms of appressorium formation of Colletotrichum spp. are very similar to that of Magnaporthe (Caracuel-Rios and Talbot, 2007; Perfect et al., 1999) . These results indicate the possibility that the regulation of histone acetylation has important roles in the differentiation of the infection structure of pathogenic fungi. Treatment of TSA also caused negative effects on appressorium formation and symptom development on the plant surface (Fig. 2c f) . The inhibition rate of appressorium formation was correlated with that of symptom formation. These data suggested that TSA inhibited differentiation of infection structure and development of blast symptoms but did not inhibit differentiation of the infection peg, and functional appressoria were formed in the presence of TSA. In order to identify the contributory HDAC(s) responsible for the inhibition of appressorium differentiation, classical HDAC gene mutants were generated. M. oryzae has only four classical HDAC genes as in the case of A. nidulans. The present study failed to generate ΔMorpd3 mutants. It was considered that MoRPD3 is essential for vegetative growth in M. oryzae. RpdA, an RPD3 homologue of A. nidulans, is also essential for cell viability (Bauer et al., pers. comm.) . Only deletion of MoHOS2 caused negative effects on appressorium differentiation (Table 2) . These results suggest a possibility that MoHos2p plays important role(s) in appressorium formation, and inhibition effects of TSA treatment may be caused by inactivation of MoHos2p. In a maize pathogen, Cochliobolus carborum, a gene related to yeast HOS2, HDC1, affected virulence (Baidyaroy et al., 2001) . The mutants of HDC1 were reduced in virulence as a result of reduced penetration effi ciency but not germination of conidia or appressorium formation.
Some heavily acetylated proteins were detected in the extract from germ tubes induced with TSA (Fig.  1D ). These proteins were expected core histone pro- teins for their molecular weights. It is known that acetylation of histone proteins were relatively easy to detect in many organisms. No signifi cant difference was observed for non-histone proteins (Fig. 1D) , whereas many non-histone targets of HAT/HDAC were identifi ed in higher eukaryotes (Glozak et al., 2005; Spange et al., 2009) . Acetylation can affect protein function such as activity, interaction, and stability. For instance, p53 acetylation promotes p53 stability by preventing ubiquitination (Ito et al., 2002) . However, the identifi cation and characterization of acetylated non-histone proteins has not yet progressed in microorganisms. Core histone proteins were the only detectable alteration in acetylation levels in the present experiments. The results suggested that the inhibition of appressorium formation was caused by the alteration of gene expression levels following the remodeling of chromatin structures. Several genes were identifi ed by transcriptional analysis using dot blot hybridization (covered approx. 4,000 genes), whose expression was remarkably altered by treatment with 1 μg/ml of TSA on a polycarbonate surface (data not shown). However, it is still possible that undetected acetylation of some other proteins is involved in appressorium formation.
TSA almost completely inhibited appressorium formation. However, ΔMohos2 strains still had an ability to differentiate appressoria. Here, three explanations were considered. First, the HDAC activity originating from MoRpd3p may also contribute to appressorium differentiation. Second, classical HDAC and non-classical HDAC family proteins may partially complement MoHos2p activity in ΔMohos2 strains because of alteration of their expression or interaction partner. Third, HDAC activity is not only required for appressorium differentiation but also conidiation. Based on this hypothesis, core histone proteins (or non-histone proteins) are normally acetylated or strictly regulated in vegetative growth, and conidiation is induced by deacetylation of these proteins by a reduction in HAT activity or an enhancement of HDAC activity. ΔMohos2 strains do not have enough HDAC activity for conidiation; however, these mutants slightly have an ability to form conidia (approximately 1% of wild type) ( Table 2) . It was considered a possibility that those conidia are produced from a minority of abnormal mycelia because of unnatural low HAT activity. Then, HDAC activ- Wild type strain and isogenic ΔMohda1, ΔMohos2 and ΔMohos3 mutant were grown on oatmeal agar plates at 28 C. Scale bar; 1 cm. ity is not required for conidiation and subsequent appressorium formation. In the case of functional analyses of a gene product by using genetic technique, we may necessarily pick up abnormal cells to analyze a notable event by reason of unexpected selective pressure. On the other hand, functional analyses by a chemical genetics approach using a chemical inhibitor allows observation of the gene s functions directly at the point of notice. In this hypothesis, selective pressure for conidia, which accompanied abnormally low HAT activity, is the main reason for the relative insensitivity to TSA.
In any case, the effect of TSA on M. oryzae is interesting from the viewpoint of cell differentiation or the prevention of rice blast disease, and ongoing research will aim to reveal the molecular mechanism of this effect.
